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Past  research  in  solid  oxide  fuel  cell  (SOFC)  performance  assessment  and  improvement  has  focused  on  cell 
operating  voltage  (efficiency).  Related  to  this  metric,  but  distinct  and  equally  important,  is  performance 
degradation.  This  paper  examines  cell  degradation,  provides  key  definitions  needed  for  its  characteriza¬ 
tion,  and  discusses  the  relationship  of  various  cell  performance  variables.  To  characterize  degradation, 
two  parameters  are  defined,  namely,  area-specific  resistance  (ASR),  and  degradation  rate  (DR).  The  ASR  of 
a  cell/stack  increases  as  a  result  of  degradation,  and  therefore  needs  to  be  modeled  as  a  time-dependent 
parameter.  A  model  for  SOFC  cell  performance  is  used  to  describe  polarization  losses,  and  to  predict  degra¬ 
dation  performance.  The  model  is  then  used  to  demonstrate  the  use  of  ASR  and  DR  in  the  assessment  of 
degradation.  Available  experimental  data  is  separately  used  to  do  the  same.  ASR  is  shown  to  be  insensitive 
to  certain  variations  in  test  conditions  and  therefore  is  the  preferred  parameter  for  fuel  cell  developers 
when  comparing  performance  differences  arising  from  incremental  changes  in  design/materials.  DR  is 
the  preferred  parameter  for  determining  changes  in  efficiency  over  the  lifetime  of  the  cell/stack,  which  is 
a  key  concern  for  end  users. 

Published  by  Elsevier  B.V. 


1.  Introduction 

The  promotion  and  marketing  of  power  generation,  regardless  of 
technology,  requires  demonstrated  ability  to  convert  fuel  to  electric 
energy  at  low  amortized  cost.  Given  the  high  capital  costs  of  most 
fuel  cell  technologies,  low  amortized  costs  can  only  be  achieved 
with  long  lifetimes.  Hence,  degradation  behavior  remains  a  key 
development  concern  for  all  fuel  cell  types  (PEMFC,  AFC,  PAFC, 
SOFC,  MCFC,  etc.).  An  example  of  such  degradation,  determined 
experimentally,  is  shown  in  Fig.  1  for  a  solid  oxide  fuel  cell  (SOFC) 
system  operated  on  a  fuel  mixture  of  hydrogen  and  carbon  monox¬ 
ide.  The  time  averaged  degradation  rate  in  system  efficiency  was 
approximately  3%  per  1000  h. 

An  example  of  degradation  at  the  cell  level  is  shown  in  Fig.  2. 
Here,  the  degradation  behavior  of  an  SOFC  button  cell  operated 
on  simulated  coal  syngas  containing  a  trace  element  from  coal 
(0.5  ppm  H2Se)  was  assessed.  Such  studies  are  necessary  to  char¬ 
acterize  the  limits  of  trace  element  exposure  for  coal-based  SOFC 
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power  generation.  Viable  SOFC  operation  on  coal  will  be  possi¬ 
ble  with  proper  clean-up  of  syngas  once  such  specifications  are 
defined.  Introduction  of  trace  coal  elements  (e.g.,  selenium,  arsenic, 
cadmium,  phosphorous,  etc.)  into  the  fuel  matrix  provides  an  addi¬ 
tional  set  of  material  interaction  mechanisms  by  which  degradation 
may  proceed.  Such  mechanisms  may  proceed  more  rapidly  com¬ 
pared  to  those  when  operating  on  pure  hydrogen,  thereby  reducing 
the  lifetime  of  the  cell.  It  is  also  possible  that  a  given  degrada¬ 
tion  mechanism  will  be  partially  or  completely  reversible,  and 
thereby  allow  for  cell  recovery  and  additional  lifetime.  As  shown 
in  Fig.  2,  for  SOFC  operation  on  coal  syngas  with  0.5  ppm  H2Se, 
there  was  an  instantaneous  drop  in  cell  voltage  upon  H2Se  injec¬ 
tion,  followed  by  a  slower  rate  of  decay  until  the  voltage  reached 
0.68  V.  Also  shown  in  Fig.  2  is  the  average  degradation  rate  deter¬ 
mined  from  the  voltage  data  using  a  methodology  to  be  discussed  in 
Section  3. 

These  examples  represent  the  present  status  of  fuel  cell 
degradation  characterization.  Improved  analysis  methods  and  char¬ 
acterization  parameters  are  needed  that  will  allow  improved 
understanding  of  the  observed  behavior. 

tl.  Present  understanding  of  degradation  mechanisms 

As  summarized  below,  past  examination  and  analysis  of  degra¬ 
dation  has  occurred  at  system  and  subcomponent  scales  using 
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Fig.  1.  Degradation  of  a  nominal  5  kW  solid  oxide  fuel  cell  system,  Gemmen  [1  ]. 


various  experimental  and  modeling  methods.  Degradation  in  all 
fuel  cell  technologies  (solid  oxide,  polymer  electrolyte,  molten- 
carbonate,  alkaline,  etc.)  has  been  assessed  in  a  limited  way,  with 
each  fuel  cell  type  having  unique  mechanistic  behaviors,  as  well  as 
features  common  to  other  fuel  cell  types.  Common  features  include 
electrode  contact  loss  and  increased  contact  resistance,  changes 
in  material  composition  and  structure  including  grain  coarsening, 
interdiffusion,  phase  changes,  and  deactivation  of  catalysts  (after 
Steinberger-Wilckens  et  al.  [2]). 

Mazumder  et  al.  [3]  provides  a  method  of  systems-level  mod¬ 
eling  for  the  effects  of  power  conditioning  and  load  on  SOFC 
performance.  The  work  identified  that  certain  power  conditioner 
types  may  be  detrimental  to  SOFC  operation.  Further  modeling 
work  has  been  done  at  the  cell  level  to  examine  effects  of  sintering 
of  nickel  during  SOFC  operation,  Ioselevich  et  al.  [4].  For  polymer 
electrolyte  membrane  fuel  cell  (PEFC)  technology,  Kulikovs ky  et  al. 
[5]  propose  that  cell  degradation  occurs  as  a  wave  over  the  cell 
which  effectively  removes  active  area  over  time.  They  provide  a 
phenomenological  model  for  these  effects,  and  then  predict  cell 
degradation  performance.  Fowler  et  al.  [6]  provide  a  generalized 
model  that  treats  three  proposed  degradation  methods  in  PEFC 
technology;  namely,  electrolyte  humidification,  catalytic  activation 
loss,  and  mass  transfer  losses. 

Experimental  work  on  the  degradation  of  ceramic  and  poly¬ 
mer  electrolyte  systems  has  also  been  performed  by  Flaeringa  et 
al.  [7]  and  Meyer  et  al.  [8],  respectively.  Haeringa  et  al.  [7]  sug¬ 
gest  that  a  transformation  of  defects  occurs  in  8%  YSZ  which  causes 
the  decrease  in  conductivity  over  time.  Meyer  et  al.  [8]  identified  a 
thermo-activated  chemical  degradation  mechanism  for  sulfonated 


Fig.  2.  Voltage  degradation  of  Ni/YSZ  anode  supported  SOFC  button  cell  upon  expo¬ 
sure  (at  t=17h)  to  0.5  ppm  H2Se  in  coal  syngas.  Current  density  =  0.25  A  cm-2; 
fuel  =  29%  H2,  29%  CO,  12%  C02,  3%  N2,  and  27%  H20;  temperature  =  800  °C.  Also 
shown  is  the  average  degradation  rate  calculated  via  Eq.  (8). 


polyimide  membranes.  De  Castro  [28]  summarizes  several  physi¬ 
cal  degradation  mechanisms  of  polymer  membranes:  mechanical 
degradation  via  excessive  water  swelling,  high  localized  stress,  MEA 
processing  resulting  in  cracking,  tearing,  perforations,  and  blister¬ 
ing;  thermo-hydrolytical  degradation  via  de-sulfonation  and  chain 
scission;  and  chemical  attack  by  free  radicals  via  FIO  and  HOO  on 
the  anode,  and  H202  on  the  cathode. 

Numerous  experimental  investigations  of  electrode  degrada¬ 
tion  for  a  variety  of  technologies  have  also  been  performed. 
Schulze  and  Christenn  [9]  showed  how  the  hydrophobicity  of 
PEFC  electrodes  evolves  with  time  as  the  hydrophobic  agent, 
polytetrafluoro-ethylene,  degrades.  As  the  hydrophobicity  changes 
in  time,  an  initial  increase  in  performance  is  seen,  but  then  the 
performance  decreases  as  operation  continues.  Chen  et  al.  [10] 
showed  how  direct  methanol  fuel  cells  degrade  as  the  particle 
size  of  the  electrocatalysts  increases  with  time.  Schulze  and  Giil- 
zow  [11]  showed  the  degradation  of  alkaline  fuel  cells  due  to 
disintegration  of  nickel  anodes.  Taniguchi  et  al.  [12]  showed  how 
SOFC  electrode-electrolyte  interfaces  can  be  deactivated  due  to 
chromium  evolved  from  metal  interconnects.  Flagen  et  al.  [27] 
determined  the  effect  of  operating  temperature  and  cell  polariza¬ 
tion  on  anode  supported  SOFC  degradation  rate.  They  find  that 
higher  rates  of  degradation  occur  for  lower  temperatures  and 
higher  overpotentials.  Other  work  has  also  suggested  that  con¬ 
ductive  pastes  in  SOFC  technology,  Chervin  et  al.  [13],  and  specific 
operational  conditions  in  PEMFC  technology,  Taniguchi  et  al.  [14], 
may  also  cause  degraded  fuel  cell  performance. 

The  fuel  source,  composition,  quality,  and  presence  of  trace 
impurities  affect  cell  lifetime.  For  example,  sulfur  compounds  are 
contained  in  most  commercial  fuels.  Matsuzaki  and  Yasuda  [15] 
show  that  SOFC  nickel  anodes  can  be  poisoned  to  different  extents 
depending  on  exposure  time,  temperature  and  sulfur  concentra¬ 
tion.  However,  Aguilar  et  al.  [16]  show  that  degradation  of  SOFC’s 
operated  on  sulfur  containing  fuels  can  be  potentially  mitigated 
with  advances  in  new  anode  material. 

Structural  degradation  can  also  impact  cell  performance.  Weil 
et  al.  [17]  show  how  seal  materials  degrade  (causing  delamination 
along  the  electrolyte)  on  SOFC  systems  which  can  then  cause  a  loss 
in  voltage  potential  as  reactant  gases  directly  oxidize  rather  than 
react  electrochemically. 

Over-utilization  of  fuel  can  lead  to  oxidation  of  the  anode  mate¬ 
rial  at  the  electrolyte-anode  interface.  Fig.  3  shows  an  example  of 
this  process  for  a  cell  having  a  Ni/YSZ  anode  and  YSZ  electrolyte. 
Note  that  at  80%  fuel  utilization  (97%  H2, 3%  H20)  the  performance 
of  the  cell  reaches  a  steady-state  with  very  small  or  no  degrada¬ 
tion  resolvable  over  the  noise  in  the  signal,  while  at  85%  utilization 
the  cell  degrades  more  rapidly  (ca.  52%  per  1000  h).  Continued 


Fig.  3.  Voltage  vs.  time  for  cells  run  at  a  fuel  utilizations  of  80  and  85%,  Gemmen 
and  Johnson  [18]. 
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severe  degradation  by  this  mode  can  lead  to  delamination  of  the 
anode-electrolyte  interface. 

Regarding  stack  operation  more  particularly,  it  is  widely  rec¬ 
ognized  that  all  fuel  cell  types  require  proper  management  of 
flow  and  temperature  to  avoid  degradation.  Ideally,  uniform  flow 
and  temperature  conditions  can  achieve  peak  stack  performance. 
Significant  departure  from  such  uniform  conditions  can  result  in 
material  phase  changes  (oxidation  of  anode  materials,  or  reduc¬ 
tion  of  cathode  materials),  or  thermal  degradation  (sintering)  as 
discussed  previously. 

1.2.  Technical  objective 

The  objective  of  this  work  is  to  document  a  consistent  method 
for  assessing  degradation  at  the  cell/stack  level.  The  need  for  such  a 
method  is  noted  by  Steinberger-Wilckens  et  al.  [2]  and  Steinberger- 
Wilckens  et  al.  [  19].  The  development  of  a  degradation  performance 
parameter  for  the  cell/stack  level  is  similar  to  that  being  pursued  at 
the  system  level,  Gemmen  and  Johnson  [  18  ].  In  the  present  work,  we 
employ  a  SOFC  model  to  quantitatively  estimate  several  polariza¬ 
tion  losses  and  predict  cell  degradation.  These  model  data,  showing 
degradation  behavior  representative  of  actual  systems,  are  used 
to  demonstrate  the  proposed  degradation  assessment.  Separately, 
available  experimental  data  are  used  to  demonstrate  the  same  on 
real-world  data. 

1.3.  Paper  overview 

In  Section  2,  a  summary  of  present  concerns  is  given  for  how 
degradation  performance  is  measured.  In  Section  3,  an  analysis 
for  fuel  cell  degradation  is  presented,  and  a  method  is  proposed 
for  assessing  the  degradation  of  a  cell/stack.  Section  4  employs  an 
empirical  model  to  demonstrate  the  method  being  proposed.  Sec¬ 
tion  5  further  demonstrates  the  proposed  method  using  available 
experimental  data.  Finally,  Section  6  provides  a  closing  discussion 
on  degradation  and  the  proposed  assessment  method,  and  Section 
7  provides  the  summary  and  conclusions  of  the  key  results. 

2.  Present  issues/concerns  in  the  measurement  of 
degradation 

As  evident  from  Section  1,  fundamental  molecular  and 
microstructural  evolutions  have  been  identified  and  proposed  to 
explain  degradation,  and  undoubtedly  future  work  will  identify 
more.  However,  in  situ  methods  to  directly  probe  degradation 
modes  and  quantify  their  evolution  over  time  do  not  yet  exist,  and 
only  indirect  cell/stack  performance  ‘indicators’  are  available.  These 
indicators  are  the  measured  voltages  across  the  cell  by  various  tech¬ 
niques  such  as  fixed  current,  ac-current  impedance  techniques,  and 
step-change  current  techniques. 

2.1.  Issues  in  the  measurement  of  degradation 

Presently,  only  overall  performance  metrics  (overall  cell  volt¬ 
age  or  system  efficiency)  are  available  to  researchers  as  a  way  to 
measure  performance  changes,  and  infer  the  existence  of  at  least 
one  of  the  aforementioned  degradation  mechanisms.  For  example, 
Gemmen  and  Johnson  [18]  discuss  the  degradation  assessment  at 
the  fuel  cell  system  level,  showing  how  system  efficiency  degra¬ 
dation  can  be  used  to  characterize  performance  provided  careful 
system  tests  are  performed.  As  explained  by  Gemmen  and  Johnson 
[18],  understanding  how  the  test  is  performed  is  critical  since  the 
system  designer/operator  can  trade  off  efficiency  performance  for 
degradation  performance  during  operation.  In  this  paper,  we  treat 
degradation  at  the  cell/stack  level,  and  propose  to  employ  certain 


Fig.  4.  Test  duration  required  to  experimentally  resolve  true  degradation  rate  vs. 
nominal  degradation  rate-degradation  calculated  from  voltage  difference  between 
starting  and  ending  points.  Assumes  a  standard  error  of  the  experimental  noise  =  3 
and  1%,  and  a  standard  error  in  the  measured  degradation  rate  =  25%.  Results  show 
that  efforts  to  reduce  experimental  noise  permit  proportional  reduction  in  required 
test  duration. 


cell/stack  voltage  measurements  and  analysis  methods  to  assess 
cell/stack  degradation. 

Rapid  technology  advances  have  reduced  degradation  rates  to 
less  than  1%  per  1000  h.  The  implication  for  developers  with  mature 
technology  is  that  measuring  performance  improvements  due  to 
incremental  changes  in  design  or  materials  can  be  difficult  and 
expensive  owing  to  the  increased  data  sensitivity  requirements 
and/or  extended  test  durations.  Statistically  significant  resolution 
of  the  differences  between  two  cell  designs  now  requires  thou¬ 
sands  of  hours  of  precise  testing.  Fig.  4  shows  the  time  required  to 
resolve  (to  within  25%)  the  true  degradation  of  a  cell  as  a  function 
of  the  degradation  rate.  Since  experimental  noise  is  largely  fixed, 
as  technology  improves  and  degradation  is  decreased,  longer  test 
durations  are  required  to  accurately  measure  the  true  degradation. 
In  short,  the  signal  to  noise  ratio  for  this  problem  is  getting  smaller 
with  each  reduction  of  the  degradation  rate.  Aside  from  electrical 
instrumentation  noise,  other  primary  sources  of  noise/variation  are 
experimental  temperature,  pressure  and  reactant  concentration. 
A  degradation  performance  parameter  (or  parameters)  that  miti¬ 
gates  the  influence  of  such  experimental  ‘noise’  on  the  degradation 
measurement  is  needed. 

In  Section  3,  a  definition  of  area-specific  resistance  (ASR)  is  pro¬ 
posed  to  achieve  the  objective  of  reduced  noise  sensitivity.  We 
show  that  there  are  two  parameters  that  are  useful  in  degradation 
research,  one  being  the  cell  (or  component)  ASR,  and  the  other  is 
the  rate  at  which  such  resistance  increases  thereby  causing  perfor¬ 
mance  degradation— called  the  degradation  rate  (DR)  of  the  cell. 

2.2.  Separation  of  voltage  losses 

As  explained,  voltage  measurements  are  used  to  evaluate  cell 
degradation.  Five  distinct  losses  commonly  characterize  the  volt¬ 
age  performance  of  a  cell:  (a)  ohmic  voltage  loss— the  voltage  drop 
associated  with  the  resistance  of  the  electrolyte,  the  electrodes, 
the  interconnect,  and  the  contact  regions  between  the  electrodes 
and  the  interconnect;  (b  and  c)  cathode  and  anode  concentra¬ 
tion  polarization— the  theoretical  voltage  drop  due  to  gas  diffusion 
resistance  through  the  porous  electrodes;  (d)  cathode  activation 
polarization— the  voltage  drop  associated  with  the  electrochemical 
reduction  of  the  active  constituent  in  the  oxidant  (typically  oxy¬ 
gen);  (e)  anode  activation  polarization— the  voltage  drop  associated 
with  the  electrochemical  oxidation  of  the  active  constituent  in  the 


254 


R.S.  Gemmen  et  al.  /  Journal  of  Power  Sources  184  (2008 )  251  -259 


fuel  (typically  hydrogen).  Finally,  for  practical  experimental  work 
on  cells  and  stacks,  a  sixth  loss  mechanism  exists  due  to  reactant 
leakage.  The  degradation  mechanisms  introduced  in  Section  1  may 
affect  one  or  more  of  these  voltage  drops.  Further,  some  of  these 
voltages  play  a  greater  role  than  others  in  determining  the  cell/stack 
performance.  As  a  result,  it  is  helpful  in  the  analysis  of  degradation 
to  separate  these  individual  voltage  losses  from  the  overall  voltage 
loss  in  order  to  focus  attention  on  likely  mechanisms  for  a  given 
degradation  study. 

Challenges  exist,  however,  in  accurate  separation  of  the  polariza¬ 
tion  losses.  This  limitation  hampers  efforts  to  identify  the  dominant 
loss  mechanism.  In  particular,  with  the  exception  of  using  elaborate 
reference  electrodes,  concentration  polarizations  are  not  directly 
and  separately  measurable,  and  must  be  calculated  from  other 
known  or  estimated  parameters  (i.e.,  free-stream  reactant  concen¬ 
trations  must  be  known).  Additionally,  activation  polarizations  can 
be  difficult  to  separately  measure  for  the  thin  electrolyte  technol¬ 
ogy  used  in  contemporary  cells,  Mogensen  et  al.  [20].  In  spite  of 
these  difficulties,  it  is  helpful  to  consider  these  five  overpoten¬ 
tials  as  the  basic  loss  parameters  for  characterizing  cell  operation. 
Hence,  the  present  work  employs  a  model  from  the  literature  (see 
Section  4  and  Appendix  A)  that  separately  characterizes  these  loss 
mechanisms. 

Further  improvements  in  cell  performance  will  also  be  aided 
by  improved  diagnostic  capability  and  test  methods  that  enable 
separate  measurement  of  the  various  polarization  losses.  Such 
capability  will  improve  developers’  knowledge  of  the  relationship 
between  material  and  microstructural  effects  and  operating  condi¬ 
tions. 

3.  Assessing  degradation 

As  described  in  Section  2,  we  use  measured  voltage  losses  to 
assess  degradation  performance  of  the  fuel  cell.  To  help  explain  the 
precise  methodology  proposed  here,  a  model  for  the  cell  voltage 
degradation  will  first  be  presented.  Using  the  results  of  the  model 
predictions,  a  demonstration  of  the  proposed  method  of  assessing 
degradation  will  be  provided. 

3.1.  Cell  voltage  model 

Several  detailed  models  [21-23]  have  been  developed  which 
account  for  voltage  losses  due  to  gas  transport  through  porous 
electrodes,  electrochemical  reactions  at  the  electrodes  (near 
electrode-electrolyte  interfaces),  and  material  ohmic  resistance. 
Here,  we  extend  the  model  of  Virkar  et  al.  [23]  (see  Appendix  A) 
to  include  losses  due  to  reactant  leakage: 

V(i,  t )  =  (Fn  —  dl)  ~  +  daa  +  dac  +  dea  +  dec)  (1) 

In  Eq.  (1),  V  is  the  cell  voltage,  i  is  the  average  cell  cur¬ 
rent  density,  t  is  the  time,  %  is  the  ideal  Nernst  potential, 
En  =E°  +FT/n  ln(lTreactv/nproductv),  rji  is  the  loss  due  to  reactant 
leakage,  daa  and  17 ac  are  the  activation  overpotentials  for  the  anode 
and  cathode,  respectively,  rjc a  and  rjee  are  the  concentration  overpo¬ 
tentials  for  the  anode  and  cathode,  respectively,  and  R[  is  the  total 
resistivity  of  all  cell  components.  E°  is  the  standard  state  voltage, 
n  is  the  number  of  electrons  transferred,  and  product^  and  reactv 
are  the  product  and  reactant  activities  raised  to  their  stoichiometric 
coefficients,  v,  respectively.  At  zero  current,  V(0 T)  =  Fn  -  di  which 
is  the  open  circuit  voltage  (OCV)  which  we  denote  as  E0.  Hence,  the 
loss  parameters  grouped  on  the  far  right  side  of  Eq.  (1)  contribute 
to  the  voltage  deviation  from  E0.  All  of  these  loss  parameters  are 
functions  of  current,  operating  temperature  (T)  and  pressure  (P), 
and  reactant  compositions.  Because  of  this,  we  recommend  (see 
following  discussion)  that  the  thermodynamic  state  of  a  cell  under 


test  be  fixed  (e.g.,  T,  P,  and  fuel  composition  held  constant.)  Finally, 
each  of  the  six  loss  parameters  of  Eq.  (1)  can  change  with  time 
(degrade),  and  therefore  the  cell  voltage,  V,  is  also  a  function  of 
time  as  shown  in  Eq.  (1). 


3.2.  ASR  as  a  performance  parameter 


It  is  common  in  the  literature  to  find  use  of  what  is  referred 
to  as  ASR.  This  parameter  is  sometimes  defined  locally  at  a  specific 
current,  is ,  by  taking  the  derivative  of  Eq.  [1  ]  with  respect  to  current 
density,  i,  as  ASR'(i,t)  =  dV(i,t)ldi.  A  limitation  of  this  definition  is  that 
it  does  not  account  for  losses  occurring  at  current  less  than  i.  As  a 
result,  the  derivative  method  for  ASR  cannot  account  for  the  overall 
accrued  losses  of  the  cell  (from  i  =  0  to  i  =  J),  and  therefore  will  not 
provide  a  relevant  assessment  of  cell  performance  at  some  current 
level  I.  For  the  purposes  of  assessing  performance,  and  to  allow 
for  a  comparison  between  different  cell  technologies  operated  at  a 
relevant  current  density,  i,  an  improved  definition  in  terms  of  Eq. 
(l)is: 


ASR(i,  t)  = 


Eo(t)-V(i,  t) 


or, 

ASR(i  t)  =  +  ^aa  +  ^ac  +  ^ca  +  ^cc 


(2a) 


This  definition  removes  loss  effects  due  to  reactant  leakage  and 
variable  reactant  mixture  supply  (inherent  in  any  experiment),  and 
can  be  helpful  if  one  is  focused  on  the  performance  of  cell  materials 
(e.g.,  modifications  in  electrode  structure).  On  the  other  hand,  if  the 
focus  is  total  cell  performance  (cell  material  +  seal  technology),  then 
the  reference  potential  should  be  the  Nernst  voltage: 


ASR(i,  t)=EN(t)-V,(i.  t) 

or,  (2b) 

ASR(i  t )  =  +Rji  +  daa  +  Pac  +  Pea  +  dec 

This  definition  includes  the  loss  effects  of  reactant  leakage,  but 
continues  to  remove  loss  effects  due  to  variable  reactant  mixture 
supply. 

The  formulation  given  by  Eqs.  (2a)  and  (2b)  provides  the  overall 
(or  integral )  loss  in  performance  when  operating  at  a  given  current, 
and  is  a  ‘linearization’  from  i  =  0  to  i  =  I  of  the  individual  overpo¬ 
tentials.  From  a  mathematical  perspective,  it  provides  an  average 
measure  of  the  local  ASR  from  i  =  0  to  i  =  I.  This  is  in  contrast  to 
the  local  incremental  loss  in  performance  if  ASR  is  assessed  using 
the  differential  of  the  voltage-current  curve.  These  distinctions  are 
highlighted  in  Fig.  5,  and  will  be  discussed  fully  in  Section  4  where 
an  example  case  is  studied. 

The  specific  application  (single  cell  vs.  stack)  and  objectives  of 
the  research  (assessing  electrode  performance  vs.  total  cell),  will 
dictate  which  form  of  Eqs.  (2a  and  2b)  is  needed.  To  provide  sim¬ 
plicity  in  the  present  discussion,  we  will  focus  on  the  use  of  EN  as 
the  reference  voltage  for  ASR. 

Benefits  and  Limits  ofASR(ft)  as  a  Performance  Parameter—  one 
benefit  of  using  ASR(i)  as  defined  in  Eqs.  (2a)  and  (2b)  is  that 
its  value  is  less  sensitive  to  operating  conditions.  Performance 
effects  due  to  gas  composition  differences  between  two  experi¬ 
ments  or  drift  over  the  course  of  a  single  long  experiment  can  be 
dampened  by  adoption  of  Eqs.  (2a)  and  (2b)— this  is  one  of  the 
key  advantages  to  the  presently  recommended  definition  of  ASR 
for  performance  assessment.  The  dampening  of  gas  composition 
variations  results  from  the  fact  that  the  ASR(i,t)  calculation  sub¬ 
tracts  the  effect  of  %  (which  is  a  function  of  gas  composition)  on 
the  operating  cell  voltage.  By  removing  experimental  variations,  a 
reduction  in  experimental  noise  may  be  possible,  which  can  help 
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induced,  resulting  in  a  secondary  source  of  induced  degradation. 
In  short,  constant  flow  conditions,  and  constant  current  condi¬ 
tions  will  best  allow  constant  thermodynamic  conditions  to  exist 
throughout  the  test  and  therefore  will  prevent  variable  operating 
conditions  from  biasing  degradation  rates. 

While  constant  current  and  flow  conditions  achieve  a  constant 
overall  oxidation  potential  boundary  condition  as  explained  above, 
voltage  is  itself  a  thermodynamic  parameter.  It  must  remain  clear 
that  as  degradation  results  in  various  increased  overpotentials 
(resulting  in  local  voltage  changes),  it  may  be  possible  for  such  local 
voltage  changes  to  affect  the  loss  behavior.  Even  so,  such  potential 
coupling  between  a  fundamental  degradation  mechanism  and  local 
overpotential  changes  are  all  kept  ‘local’.  The  alternative  constant 
voltage  testing  could  broaden  the  coupling  to  other  areas  of  the  cell. 


Fig.  5.  Simulated  V-i  data  from  two  different  cells  having  same  local  ASR'  at 
0.28  Acm-2.  While  a  local  ASR'  analysis  shows  equivalent  cell  performance,  Cell  ‘A’ 
clearly  has  poorer  performance— this  fact  is  captured  in  the  higher  overall  (integral) 
ASR  evaluation. 


to  minimize  the  required  test  duration— see  discussion  surrounding 
Fig.  4. 

A  perceived  limitation  of  ASR(i)  as  defined  in  Eqs.  (2a)  and  (2b) 
is  that  it  is  a  function  of  current,  rather  than  being  purely  a  material 
property.  While  a  current  independent  definition  of  ASR  would  be 
desirable  (Steinberger-Wilckens  et  al.  [2]),  at  present  it  is  unclear 
how  such  a  parameter  would  be  generally  viable.  One  qualification 
in  the  use  of  Eqs.  (2a)  and  (2b)  is  that  it  requires  that  the  dominant 
loss  mechanism(s)  not  be  strongly  affected  by  gas  composition.  If 
they  are  affected  by  gas  composition,  then  the  data  obtained  will  be 
biased  by  those  effects  regardless  of  the  ‘corrections’  to  gas  variabil¬ 
ity  offered  by  Eqs.  (2a)  and  (2b).  The  critical  point  identified  here  is 
that  when  technology  comparisons  are  being  performed  to  assess 
degradation,  testing  should  be  done  at  similar  thermodynamic  con¬ 
ditions  and  current  density  to  minimize  possible  secondary  effects, 
and  best  allow  a  correction  of  remaining  anomalous  variations 
using  Eqs.  (2a)  and  (2b).  Doing  so  ensures  the  best  available  per¬ 
formance  measure  is  achieved. 

In  summary,  ASR  as  expressed  in  Eqs.  (2a)  and  (2b)  fully  accounts 
for  all  cell  losses  in  an  integral  sense.  It  also  offers  a  way  to  min¬ 
imize  some  of  the  sources  of  experimental  noise.  Furthermore,  it 
is  time  dependent,  and,  therefore,  it  can  also  be  used  to  evaluate 
degradation  for  the  cell/stack  as  described  in  the  next  section. 

3.3.  Constant  current,  constant  voltage  and  constant  power 
measurements 

Due  to  the  lack  of  degradation  measurement  standards,  there 
presently  exists  a  variety  of  methods  used  to  measure  and  report 
cell  performance  and  degradation.  Constant  current  and  constant 
voltage  are  the  most  commonly  used  methods,  but  constant  power 
could  also  be  used  which  would  result  in  an  inversely  proportional 
change  in  both  current  and  voltage  as  the  cell  degrades. 

To  avoid  complicated  experimental  procedures,  and  thereby 
improve  experimental  data  quality,  the  use  of  constant  thermody¬ 
namic  conditions  (T,  P,  and  reactant  composition)  is  recommended. 
This  produces  a  tractable  program  of  experimental  development 
whereby  effects  of  operating  condition  on  degradation  can  also  be 
studied.  Further,  when  constant  current  is  specified,  the  overall 
reactant  utilizations  will  be  fixed.  Since  overall  reactant  utiliza¬ 
tions  govern  the  overall  boundary  conditions  for  material  oxidation 
potential,  constant  oxygen  partial  pressures  on  both  anode  and 
cathode  can  be  achieved.  If  such  constant  oxidation  potentials  were 
not  achieved  (as  occurs  in  constant  voltage  and  power  measure¬ 
ments),  then  changes  in  ceramic  oxide  material  states  could  be 


3.4.  Degradation  rate:  ASR  vs.  time 

We  begin  the  analysis  of  degradation  by  considering  the  limit 
where  the  degradation  approaches  zero.  Without  degradation,  the 
cell  voltage  and  ASR  are  constant  for  a  particular  system  current 
density,  is.  According  to  Eqs.  (2a)  and  (2b),  on  a  steady-state  V-i 
curve,  the  voltage,  V(i),  at  any  current,  is,  can  be  given  by: 

V(is)  =  EN-ASR(is)is  (3) 

Now,  for  finite  degradation,  we  hypothesize  that  at  some  time,  t0, 
and  at  some  constant  operating  system  current  density,  is,  the  fuel 
cell  begins  to  degrade.  ASR  begins  to  change  with  time  (and  hence 
operating  voltage  as  well).  During  this  time  period  of  decay,  the 
voltage  change  with  time  referencing  the  initial  starting  voltage 
can  be  given  by: 


V(is,  t)  -  V(i s,  t0)  =  -is(ASR(is,  t)  -  ASR(zs,  t0))  (4) 

where 


V(is,  t0)  —  En  —  ASR(is,  toil’s 


(5) 


and  where  we  assume  that  nominal  reactant  supply  composition 
is  constant,  thereby  making  EN(t0)  =  EN(t).  Dividing  Eq.  (4)  by  time 
(t- 10)  one  obtains  a  decay  rate  in  units  of  volts  per  unit  time.  In 
the  limit  of  infinitesimal  time  change,  one  obtains  the  instantaneous 
degradation  rate  given  by: 


d(V(is,t))  d(ASR(zs,  t)) 

dt  =  — a if — ,s  (6) 

Eq.  (6)  is  the  absolute  voltage  degradation  rate  at  current  is,  and 
time  t.  In  terms  of  %  per  hour: 


DR(t)  =  -100  x 


/dV(zs,  t)/dt\ 
V  V(is,to)  J 


=  100  x 


/  dASR(zs,  t)zs/dt\ 

V  V(is,t0)  J 


(7) 


Returning  again  to  a  finite  time  change  (t- 10),  an  overall  aver¬ 
age  degradation  rate  can  be  obtained,  m  =  (V(zs,t0)  -  V(zs,t))/(t - 10). 
The  degradation  rate  is  often  calculated  by  such  linearization  of  the 
entire  voltage  vs.  time  curve  to  provide  one  number  for  the  average 
degradation  rate  over  the  duration  of  the  test.  Such  linearization 
of  the  voltage  vs.  time  curve  has  been  suggested  previously  Vinke 
[24],  and  may  be  necessary  for  noisy  experimental  data.  Again,  in 
terms  of  %  per  hour,  the  average  degradation  rate  is  given  by: 


DR(t)  =  100 


V{is,to)-V{is,t) 

V(zs,to)x(t-t0) 


=  ioo/s 


ASR(zs,  f)  -  ASR(zs,  f0) 

V(zs,to)x(t-to) 


(8) 


The  two  forms  of  degradation  rate  (average  and  instantaneous) 
will  be  compared  later  in  Section  4  where  an  example  is  given  for 
the  method  of  degradation  analysis  being  proposed  (see  Fig.  8). 
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3.5.  Normalized  vs.  absolute  degradation  rate 

The  present  paper  focuses  on  the  use  of  the  normalized  degra¬ 
dation  rate  parameter  as  shown  in  Eqs.  (7)  and  (8).  Two  views  of 
such  normalization  can  be  taken. 

•  Pro :  A  normalized  degradation  as  given  here  directly  relates  to 
fuel  efficiency  changes,  and  as  such  it  establishes  a  rate  schedule 
for  increases  in  fuel  consumption  (and  costs)  following  startup— a 
very  relevant  concern  to  end  users.  To  be  clear,  it  is  the  life¬ 
time  cost  that  is  the  primary  concern  of  the  end  user,  and  both 
the  initial  performance  (e.g.,  efficiency)  and  the  relative  degra¬ 
dation  rate  of  a  given  unit  must  be  described.  Eqs.  (7)  and  (8) 
provide  a  meaningful  degradation  parameter  for  this  purpose, 
and,  therefore,  the  authors  feel  that  a  valid  need  for  a  normalized 
degradation  rate  parameter  is  clear. 

•  Con:  The  normalization  of  the  degradation  rate  as  shown  in  Eqs. 
(7)  and  (8)  has  been  considered  by  Steinberger-Wilckens  et  al. 
[2].  As  they  point  out,  such  normalization  can  result  in  higher 
apparent  degradation  rate  values  for  cells  operated  at  lower  volt¬ 
ages  (vs.  a  baseline)  where  in  fact  the  same  absolute  voltage  per 
unit  time  decay  rate  may  occur  as  for  the  baseline.  (Normalizing 
by  a  lower  numerical  value  will  bias  the  degradation  rate  high.) 
The  normalized  degradation  rate  gives  a  combined/mixed  assess¬ 
ment  of  low  voltage  performance  and  absolute  degradation  rate, 
rather  than  a  pure  assessment  parameter  for  degradation  rate 
alone.  Further,  as  noted  by  Vinke  [24],  the  normalized  degrada¬ 
tion  rate  as  defined  here  is  not  a  material-based  parameter,  but 
includes  information  on  operating  conditions  as  well. 

Thus  far,  however,  no  general  material  specific  degradation 
parameter  has  been  proposed.  Even  the  ASR,  as  defined  by  Eqs. 
(2a)  and  (2b),  is  not  (in  general)  a  material  specific  property— a  fact 
that  is  clear  given  that  concentration  losses  depend  on  thermody¬ 
namic  operating  conditions.  Finally,  it  remains  questionable  that  an 
absolute  degradation  rate  would  resolve  all  the  issues  identified  on 
the  normalization  approach,  and  may  have  issues  of  its  own.  For 
example,  if  it  happens  that  two  cells  have  the  same  degradation 
rate,  but  one  is  operated  at  a  significantly  lower  voltage  than  the 
other,  fair  performance  comparisons  are  complicated.  Operation  of 
cells  at  similar  thermodynamic  conditions  is  desired  to  avoid  sec¬ 
ondary  effects,  and  such  is  not  generally  possible  if  the  voltages  are 
significantly  different. 

Clearly  more  work,  both  theoretical  and  experimental,  is  needed 
to  help  navigate  these  remaining  challenges.  For  the  remainder  of 
the  paper,  we  will  focus  on  the  use  of  the  normalized  degradation 
parameter  calculation  given  by  Eqs.  (7)  and  (8)  as  it  appears  to  have 
use  regardless  of  future  developments. 

4.  Cell  degradation  model  and  application  to  degradation 
assessment 
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Fig.  6.  Simulated  steady-state  V(i )  curve  (prior  to  decay)  following  model  of  Virkar 
et  al.  [23].  Steady-state  ASRss(i)  calculated  from  given  V(i)  data.  Also  shown  is  the 
local  ASR  calculated  from  the  derivative  of  V(i).  As  the  figure  shows,  the  integral  ASR 
method  provides  an  improved  measure  of  performance  as  it  takes  into  account  the 
entire  decay. 


which  are  shown  in  Fig.  6.  From  these  data,  the  steady-state  ASR(i) 
as  given  by  Eq.  (2a)  will  be: 

ASRss(is)  =  —  +  - ?aa  +  ^ac  +  ^ca  +  ^ 
h 

This  steady-state  ASR  result  is  also  shown  in  Fig.  6.  To  highlight  the 
difference  between  this  ‘integral’  ASR  and  one  defined  using  a  ‘local 
analysis’  via  the  derivative,  Fig.  6  also  shows  ASR  calculated  from 
the  derivative  of  V(i).  It  is  found  that  the  two  definitions  provide  the 
same  result  at  low  current  (since  Fn  is  also  the  OCV  condition),  but 
begin  to  deviate  significantly  at  higher  currents,  ca.  i  >  0.15  A  cm-2. 
For  i  >  0.25  A  cm-2,  however,  the  difference  between  the  two  values 
is  largely  constant,  which  can  be  understood  given  the  relatively 
straight  V(i)  line  over  the  range  of  i  given.  Should  strong  diffusion 
limits  (inducing  curvature  in  V{i))  be  exhibited  in  the  V(i)  curve, 
then  the  deviations  between  ASR  values  would  become  very  large. 
In  addition,  if  FN  was  greater  than  OCV  (often  the  case  where  reac¬ 
tant  leakage  may  occur),  then  the  ‘integral’  ASR  based  on  Eq.  (2b) 
would  likely  be  greater  than  the  ‘local’  ASR  at  low  currents  thereby 
causing  further  deviation  between  curves. 

To  evaluate  degradation,  we  now  assume  a  case  where  long  term 
steady  loading  of  the  cell  occurs  (as  in  typical  degradation  studies) 
and  where  the  cell  current  is  fixed  at  is  =  0.7  A  cm-2.  The  initial  ASRss 
for  this  condition  is  0.37  C2  cm2  as  shown  in  Fig.  6.  For  some  degra¬ 
dation  mechanism,  we  assume  that  decay  begins  at  some  time  t0 
so  as  to  increase  the  ASR  with  time.  A  decay  mechanism  having 
an  exponential  increase  vs.  time  is  assumed;  hence,  the  time  vary¬ 
ing  ASR(is,t)  was  modeled  by  multiplying  the  steady-state  ASRss  by 
e(kt),  where  k  is  the  ASR  growth  constant.  Specifically: 

ASR(/s,  t)  =  (eW^^ASRssOs)  (9) 


To  provide  a  clear  application  of  the  degradation  assessment 
method  proposed  above,  a  prediction  for  ASR  vs.  time  was  devel¬ 
oped  following  a  common  phenomenological  model  for  fuel  cell 
performance  proposed  by  Virkar  et  al.  [23],  the  details  of  which 
are  provided  in  Appendix  A.  (For  this  model,  losses  due  to  leakage 
are  ignored.)  The  model  provides  data  for  predicting  the  behavior 
of  a  cell  under  long-term  decay,  and  those  results  will  be  used  to 
demonstrate  the  proposed  degradation  assessment  method. 


The  factor  (t  - 10 )  in  the  exponent  accounts  for  the  fact  that  degrada¬ 
tion  in  the  cell/stack  begins  after  some  initial  time  t0  as  explained  in 
Section  3b.  Assuming  an  exponential  growth  constant,  /<,  of  3%  kh-1 , 
t0  =  0.0  h  and  a  current  density  of  i  =  0.7  A  cm-2,  ASR(0.7  A  cm-2,  t) 
was  calculated  as  shown  in  Fig.  7.  Using  Eq.  (3)  the  cell  voltage  vs. 
time  at  0.7  A  cm-2  can  be  calculated,  which  is  also  shown  in  Fig.  7. 

4.2.  Assessing  degradation 


4 A.  The  model 

The  model  uses  the  parameters  shown  in  Eq.  (1)  (sans  leakage 
loss)  for  predicting  a  steady-state  V(i)  relationship,  the  results  of 


The  above  degradation  model  provided  V{t)  data  for  a  cell  under 
long  term  testing.  From  this  data,  the  voltage  degradation  rate  was 
generated  using  Eqs.  (7)  and  (8),  for  the  instantaneous  DR(t)  and 
average  DR(t),  respectively.  Both  of  these  values  are  presented  in 
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Fig.  7.  Modeled  ASR(t)  at  is  =  0.7  A  cm-2.  Assumed  degradation  phenomena  having 
exponential  growth  constant,  k,  of  3%  kh-1 ,  t0  =  0.0  h.  Resultant  V(t)  given  by  Eq.  (5). 


Fig.  9.  Juelich  experimental  cell  voltage  data  from  a  short  stack  test— Ref. 
Steinberger-Wilckens  et  al.  [2].  H2  =  90%,  H20  =  10%,  low  utilization,  £N~  1.043  V. 
Calculated  ASR(t)  and  average  degradation  rate  also  shown. 


Fig.  8.  As  seen  in  the  Figure,  over  the  time  evaluated,  DR (t)  ranges 
between  0.9%  per  1000  h  and  1.8%  per  1000  h,  and  is  lower  than  the 
instantaneous  DR(t)  for  the  case  studied. 

5.  Degradation  assessment  from  experimental  data 

Available  experimental  data  is  employed  for  the  examination  of 
cell  ASR  performance  and  degradation  rate— Steinberger-Wilckens 
et  al.  [2].  Long-term  data  (ca.  7500  h)  on  a  short  stack  was  taken  by 
Juelich  to  assess  integrated  component  (full  cell)  degradation.  Long 
term  data  was  also  taken  on  individual  cells  to  focus  on  the  effect 
of  interconnect  coating  performance. 

Fig.  9  shows  the  ASR  and  average  degradation  rate  calculated 
from  the  Juelich  data  using  Eqs.  (2a)  and  (2b)  on  a  short  stack  oper¬ 
ated  at  a  constant  current  of  0.3  A  cm-2  at  800  °C.  The  data  are  from 
a  two-cell  SOFC  stack  with  cell  size  20  cm  x  20  cm.  As  can  be  seen 
from  the  figure,  the  cell  voltage  gradually  decays  over  time,  and  the 
calculated  ASR  increases  accordingly.  The  stack  average  degrada¬ 
tion  rate  is  high  at  the  start  of  the  test  (ca.  20%  kh-1 ),  but  gradually 
lowers  to  an  acceptable  rate  (ca.  1  %  kh-1 )  after  5000  h.  This  behavior 
is  similar  to  that  shown  in  Fig.  2  for  the  effect  of  F^Se  trace  con¬ 
taminant  on  cell  operation,  and  is  to  be  expected  for  degradation 
mechanisms  that  initially  force  changes  in  the  voltage  performance, 
but  then  stabilize  thereby  leaving  the  cell  in  a  fixed  (decayed)  state. 

Fig.  10  shows  the  ASR  data  obtained  from  the  Juelich  data  on 
interconnect  performance  where  one  cell  was  tested  with  a  coated 
interconnect  and  one  was  tested  without  a  coating.  The  cell  ASR 
without  a  coating  is  severe  (as  high  as  2  £2  cm2 ),  while  with  a  protec¬ 
tive  coating  ASR  values  remain  below  0.6  £2  cm2.  While  it  is  readily 


Fig.  8.  Resultant  degradation  rates  for  modeled  example  study  as  calculated  from 
ASRf t)  data  of  Fig.  4  using  Eqs.  (7)  and  (8). 


apparent  from  such  data  which  cell  operated  the  best  (given  the 
extremely  different  performance),  as  cell  technology  improves  and 
ASR  values  diminish  and  become  similar  in  magnitude,  the  impor¬ 
tance  of  correcting  for  test  conditions  (£n)  will  be  more  valuable 
for  reducing  test  time  requirements— see  discussion  surrounding 
Fig.  4. 

6.  Discussion 

Our  goal  is  to  improve  degradation  assessment  methods,  and  to 
propose  a  definition  for  ASR  that  allows  the  greatest  utility.  Specifi¬ 
cally,  for  evaluating  ASR  at  a  given  current  we  propose  to  reference 
cell  performance  to  either  the  open  circuit  voltage  ( E0),  or  the  ideal 
cell  potential  (En)-  By  referencing  the  cell  to  the  open  circuit  volt¬ 
age,  corrections  for  test  conditions  can  be  achieved,  and  variations 
in  seal  behavior  can  be  removed  from  the  case-to-case  ASR  compar¬ 
isons.  As  an  example,  OCV  would  be  suited  as  a  reference  for  work 
focused  on  electrode-to-electrode  performance  comparisons,  and 
would  remove  voltage  loss  effects  attributed  to  seal  leaks.  On  the 
other  hand,  by  using  the  ideal  potential  as  a  reference,  the  effects 
of  seal  degradation  (e.g.,  leakage)  over  time  can  also  be  captured  in 
the  ASR  data,  which  is  important  for  stack  level  studies. 

The  application  of  ASR  was  demonstrated  in  Section  5  from 
available  experimental  data.  In  the  application  of  the  analysis 
for  ASR,  the  performances  of  two  different  cells  were  compared 
in  regard  to  the  effect  of  interconnect  coating.  Assuming  similar 


ct 

co 
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Fig.  10.  Juelich  experimental  cell  voltage  data  for  interconnect  coating  compari¬ 
son  study— Ref.  Steinberger-Wilckens  et  al.  [2].  Calculated  ASR  values  (£N  =  1.043  V 
assumed)  for  the  coated  and  uncoated  interconnects  are  also  shown.  The  coated  and 
uncoated  sample  ASR  values  are  best  compared  via  a  correction  for  test  variations 
as  described  in  the  text. 
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conditions  for  testing,  the  ASR  values  were  calculated.  The  ASR 
performance  of  the  coated  interconnect  was  clearly  better.  While 
the  given  example  did  not  require  close  scrutiny  to  assess  relative 
performance  (the  cells  showed  extremely  different  behavior),  in 
general  comparisons  may  not  be  so  obvious,  and  accurate  analy¬ 
sis  is  required  to  determine  which  technology  is  best.  Further,  an 
ASR  method  that  removes  unwanted  experimental  effects  (e.g.,  seal 
losses)  improves  the  accuracy  of  comparisons.  The  ASR  described 
here  enables  such  corrections. 

For  assessing  degradation  rates,  we  choose  to  normalize  the 
degradation  rate,  DR,  by  the  initial  cell  voltage  so  as  to  provide  a  per¬ 
formance  parameter  that  will  be  meaningful  to  end-user  interests. 
As  noted  by  others,  this  will  bias  (toward  high  values)  cells  operated 
at  low  voltage  but  having  the  same  absolute  degradation  as  cells 
operated  at  high  voltage.  Flowever,  it  appears  that  no  alternative 
methodology  for  making  practical  and  meaningful  determinations 
for  degradation  exists.  The  use  of  an  absolute  degradation  rate  does 
not  provide  benefits  that  generally  apply  to  a  wide  variety  of  cases. 

The  application  of  DR  was  demonstrated  in  Section  5  from  avail¬ 
able  experimental  data.  In  the  application  of  the  analysis  for  DR,  the 
average  degradation  rate,  DR(t),  for  a  short  stack  was  determined. 
DR(t)  was  found  to  decrease  over  time,  and  at  the  end  of  the  test 
period  had  a  value  of  about  1.4%  per  1000  h.  From  the  stack  data,  it 
would  appear  that  if  the  test  continued,  values  below  1%  per  1000  h 
could  be  achieved.  This  value  of  DR(t)  for  the  Juelich  technology 
can  be  compared  to  other  cell  technology  to  determine  best  overall 
performance  during  the  lifetime  of  a  given  SOFC  generator. 

Given  their  respective  benefits  and  limitations,  ASR  and  DR 
should  be  applied  appropriately.  In  short,  for  making  fair  com¬ 
parisons  in  the  performance  of  a  given  cell  component,  e.g.,  as  in 
interconnect  coating  comparisons,  ASR  should  be  used.  For  making 
comparisons  at  the  full  cell  (or  stack)  level,  DR  can  be  used.  For  the 
former,  proper  corrections  for  possible  anomalous  test  conditions 
can  be  made.  For  the  latter,  where  the  attention  to  fuel  efficiency 
performance  is  the  key  issue,  DR  can  be  meaningfully  used. 

Finally,  while  the  flexibility  in  the  form  of  ASR  (Eq.  (2a)  vs.  Eq. 
(2b))  can  be  helpful  in  meeting  the  specific  needs  of  the  researcher 
on  a  case-by-case  basis,  it  will  require  that  results  be  carefully  pre¬ 
sented  and  interpreted  so  as  to  avoid  improper  interpretation  of 
the  results. 


7.  Summary  and  conclusion 


Degradation  remains  an  important  issue  for  fuel  cell  technology. 
This  paper  reviews  of  some  of  the  known  cell/stack  degradation 
issues,  and  proposes  a  method  of  evaluating  both  the  degraded 
performance,  and  the  rate  at  which  degradation  occurs.  The  two 
parameters  identified  are  the  ASR,  and  the  DR,  respectively.  The 
ASR  is  defined  as: 

where  E  can  be  either  OCV  potential  or  the  ideal  Nernst  poten¬ 
tial  depending  on  the  needs  of  the  researcher  to  remove  certain 
experimental  effects.  The  average  degradation  rate  can  be  given 
by: 


DR(t)  =  100 


(U(is,t0)-U(is,t)) 

^(*'s>  to)  X  (f  —  fo) 


The  two  definitions  are  exercised  using  both  modeled  and  avail¬ 
able  experimental  data.  Specific  conclusions  are: 


•  For  proper  comparisons,  testing  should  be  done  at  similar  ther¬ 
modynamic  conditions  (constant  T,  P  and  reactant  composition) 
and  current  density  to  minimize  possible  secondary  effects  and 


best  allow  a  correction  of  remaining  anomalous  variations  using 
Eqs.  (2a)  and  (2b).  The  proposed  definitions  for  ASR  allow  for  the 
correction  of  thermodynamic  variations  in  test  conditions  and 
allow  for  improved  accuracy  when  comparing  test  results. 

•  The  flexibility  in  the  form  of  ASR  (Eq.  (2a)  vs.  Eq.  (2b))  can  be  help¬ 
ful  in  meeting  specific  test  needs,  but  results  must  be  carefully 
presented  so  as  to  avoid  improper  interpretation. 

•  ASR  is  best  used  for  developers  as  they  compare  the  performance 
of  one  technology  to  another  (e.g.,  the  performance  of  different 
interconnect  coatings). 

•  DR  is  normalized  by  the  initial  operating  voltage,  and  is  best 
suited  for  full  cell  and  stack  performance  comparisons  where 
degradation  and  cell  performance  are  both  critical.  In  particular, 
it  will  allow  end-users  to  better  compare  different  commercial 
generator  systems  in  regards  to  their  likely  increased  fuel  costs 
over  time. 

The  authors  believe  that  the  benefits  of  the  method  (facilitat¬ 
ing  accurate  comparisons  between  cell  data)  will  be  demonstrated 
by  its  widespread  application,  resulting  in  proper  identification 
of  improved  cell  materials  and  designs.  Even  so,  this  topic  would 
benefit  from  further  discussion  and  development.  Also,  the  assess¬ 
ment  method  proposed  here  requires  further  demonstration,  and 
our  work  to  improve  degradation  performance  would  benefit  by 
determining  its  sensitivity  to  specific  modes  of  degradation. 
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Appendix  A 

The  parametric  phenomenological  fuel  cell  performance  model 
is  fully  developed  in  the  Virkar  [25],  Virkar  et  al.  [23]  and  Zhao  et 
al.  [26]  papers  for  an  anode-supported,  atmospheric,  800  °C  SOFC. 
The  equations  used  were: 


V(i,  t)  —  Eq  —  iR[  —  rjaa  —  r)ac  —  ?7ca  —  ?7cc 


where,  for  the  model  given  by  Zhao, 


Variables  used  in  the  above  equation  are  defined  as: 

•  R  =  8.3144 JK_1  mol-1  (universal  gas  constant) 

•  R[  =  8lcr  (cell  ohmic  resistance  (electrolyte  and  all  other  layers)) 

•  5  =  0.01  cm  (the  thickness  of  the  electrolyte  in  this  example— the 
ohmic  resistivity  of  the  anode  and  cathode,  interconnect  layers 
and  other  inter-layers  are  neglected) 

•  <r  =  0.1  Son-1  (electrolyte  conductivity) 

•  i’oa  =  0.2  A  cm-2  (limiting  current  anode) 

•  ioc  =  RT/{4F(dpiPct/((l  -  W)Ftpb))1/2}  (limiting  current  cathode) 

•  F=  96,485  C  mol-1  (Faraday  constant) 

•  T=  1073  K  (cell  temperature) 

•  d  =  1  pun  (grain  size  of  composite  electrode) 

•  pi  =  30  ^  cm  (ionic  resistivity  of  the  composite  electrode) 
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Pet  =  126,000  £2  cm  (charge  transfer  resistivity) 

Vv  =  0.25  (volume  fraction  porosity) 

Ltpb  =  10,000  cm-1  (length  triple  phase  boundary) 

P'o2(i){i)  =  partial  pressure  of  02  close  to  the  electrolyte  - 

cathode  interface  =  P02^(i)  -  M 

P’o 2(,)(0  =  P°o2  -  (iRT/4FX(Pc  -  P82)/PcXLc(,)/<(^2) 

M  =  ((Pg2  -  Po2(i)(0)/(Pc  -  Pg2 ))  x  (Pc  - 

Po2(i)(I'))((Do2-N2^c(2)^c(1)^^,02-N2) 

Pg2  =  0.21  ATM  (partial  pressure  of  oxygen  just  outside  the 
cathode) 

i  =  current  density 

Pc  =  1  ATM  (total  cathode  gas  pressure) 

Lc(1)  =  20  p,m  (thickness  cathode  current  collector) 

=0.14  cm2  s_1  (effective  binary  diffusivities  through 
the  cathode  collector) 

LC(2)  =  2|xm  (thickness  cathode  functional  layer) 


D\ 


,eff(2) 

02-N2 


=  0.14cm2  s_1  (effective  binary  diffusivities  through 


the  cathode  interlayer) 

P°2  =  0.97  ATM  (partial  pressure  of  H2  just  outside  anode 
support) 

po^Q  =  0.03  ATM  (partial  pressure  of  H20  just  outside  anode 
support) 

Pa  =  1  ATM  (total  fuel  pressure) 

*h2(i)(1')  =  partial  pressure  of  H2  close  to  the  electrolyte  - 
anode  interface  =  P°2  -  (iRT/2F)(La(1)/D*^20  + 

Pa(2)<V 

Ph2o (i)(0  =  Partial  pressure  of  H20  close  to  the  electrolyte  - 


anode  interface  = 

La(i)  =  50  p,m  (thickness  cathode  current  collector) 


+ 


d: 


,eff(  1 ) 


=  0.68  cm2  s_1  (effective  binary  diffusivities  through 


h2-h20 

the  anode  support) 

La(2)  =  2  p,m  (thickness  anode  functional  layer) 


D 


,eff(2) 

H2-H20 


=  0.08  cm2  s_1  (effective  binary  diffusivities  through 


the  anode  interlayer). 
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